Charges are incompatible with the hydrophobic interior of proteins, yet proteins use buried charges, often in pairs or networks, to drive energy transduction processes, catalysis, pHsensing, and ion transport. The structural adaptations necessary to accommodate interacting charges in the protein interior are not well understood. According to continuum electrostatic calculations, the Coulomb interaction between two buried charges cannot offset the highly unfavorable penalty of dehydrating two charges. This was investigated experimentally with two variants of staphylococcal nuclease (SNase) with Glu:Lys or Lys:Glu pairs introduce at internal i, i+4 positions on an α-helix. Contrary to expectations from previous theoretical and experimental studies, the proteins tolerated the charged ion pairs in both orientations. Crystal structures and NMR spectroscopy studies showed that in both variants, side chains or backbone are reorganized. This leads to the exposure of at least one of the two buried groups to water. Comparison of these ion pairs with a highly stable buried ion pair in SNase shows that the location and the amplitude of structural reorganization can vary dramatically between ion pairs buried in the same general region of the protein. The propensity of the protein to populate alternative conformation states in which internal charges can contact water appears to be the factor that governs the magnitude of electrostatic effects in hydrophobic environments. The net effect of structural reorganization is to weaken the Coulomb interactions between charge pairs; however, the reorganized protein no longer has to pay the energetic penalty for burying charges. These results provide the framework necessary to understand the interplay between the dehydration of charges, Coulomb interactions and protein reorganization that tunes the functional properties of proteins.
Introduction
Buried ionizable residues in proteins are rare but essential for biochemical energy transduction. When buried alone, the pK a values of these residues are shifted in the direction that favors the neutral state, relative to their values in water, consistent with the unfavorable transfer of an ionizable moiety from water to the hydrophobic interior of a protein 1 . In many natural systems, such as in enzyme active sites 2, 3 , proton pumps 4, 5 , ion channels 6 , and pH-sensing motifs in signaling proteins 7, 8 , ionizable residues can be buried in pairs or in networks. Despite being able to form ion pairs 9, 10 , continuum electrostatics theory predicts that a favorable Coulomb interaction is not strong enough to compensate for the unfavorable dehydration of two charges 11, 12 . Detailed structural and thermodynamic characterization of the energetics of buried ion pairs in natural systems is rarely feasible since many of these proteins are difficult to work with experimentally. The lack of experimental data has hampered the development of computational methods capable of accurately capturing the interplay between favorable Coulomb interactions and unfavorable dehydration energies governing the energetics of ion pair burial. A detailed understanding of charge-charge interactions in hydrophobic environments is necessary to gain mechanistic insight into biochemical energy transduction processes, and to design novel proteins (e.g. enzymes, H + pumps) with these important functional properties.
Recent studies have shown that it is possible to introduce two ionizable residues in the hydrophobic core of the model protein staphylococcal nuclease (SNase) as a charged pair 12 , without significantly affecting the structure of the background protein. When buried alone, the pK a values of the introduced Glu-23 and Lys-36 are highly anomalous and favor the neutral state, relative to their values in water. When introduced together, subtle reorganization of backbone and side chain dipoles along with water penetration creates a highly polar environment that stabilizes the charged E23/K36 pair, with a coupling energy of 5 kcal/mol. Previous theoretical studies predicted that the arrangement of dipoles that would stabilize the arrangement of one ion pair would destabilize the reverse orientation 13 .
Consistent with this prediction, reversing the introduced ion pair in SNase (V23K/L36E) leads to a protein of marginal stability with a weak coupling energy, as the protein appears incapable of reorganizing dipoles or introducing internal water molecules to stabilize the reverse pair 14 .
In this study, we have characterized the structural and thermodynamic properties of two variants of SNase with internal Lys:Glu or Glu:Lys pairs at positions 62 and 66 on helix-1 of SNase. These positions were chosen because the residues are close in sequence and poised to make stabilizing i,i+4 interactions in both orientations 15161718192021 . The pK a values of the buried residues in the single variants are shifted to favor the neutral state, relative to their values in water 122 . The pK a values of the introduced Glu/Lys residues in both T62K/V66E (KE) and T62E/V66K (EK) variants are normalized relative to those measured in the single variants (i.e. more similar to their values in water). These proteins exhibit more complex conformational responses than observed in the 23:36 ion pair variants, which allows the protein to tolerate the burial of charged EK and KE pairs regardless of orientation. The structural response of these proteins demonstrates that charged groups are incompatible with the protein interior even in the presence of stabilizing interactions, and that correctly predicting alternative conformations accessible in the conformational ensemble is necessary to understand how proteins are able to tolerate the burial of charged pairs and networks.
Results

Circular dichroism (CD) spectroscopy
Circular dichroism spectra of the EK and KE variants collected at pH values between 5-9 ( Figure 1 ) were indicative of well-folded proteins. The spectra of the KE variant are pH independent and were superimposable with those of the background protein.
Conversely the EK variant displays small but reproducible shifts at 208 and 222 nm relative to the background protein across the range of pH values studied, consistent with minor structural reorganization. Similar shifts in the CD spectra are observed in both the T62E and V66K single variants at pH values where their respective introduced residues are ionized ( Figure S1 ).
Thermodynamic stability
The thermodynamic stabilities of the two ion pair variants were measured as a function of pH using chemical denaturation with guanidinium hydrochloride monitored with Trp. fluorescence ( Fig. 2 , Table 1 and S1-3). Introduction of an ionizable residue with a perturbed pK a leads to a characteristic pH dependence to its thermodynamic stability 1 .
Thermodynamic linkage analysis of the difference in the pH-dependence of the thermodynamic stability between the background protein and the variant protein with buried ionizable residues can be used to determine apparent pK a values of these introduced residues. Previous studies have shown that buried Lys residues at positions 62 and 66 titrate with pK a values of 8.1 and 5.7, respectively, far from the pK a value of 10.4 of Lys in water 22 .
Buried Glu residues at the same positions have pK a values of 7.7 and 8.5, respectively, far from the pK a value of 4.5 of Glu in water 1 .
The DG°H 2O of the KE variant ranged from 4.6 to 5.2 kcal/mol at pH values between 5 to 9, with a stability of 5.2 kcal/mol at pH 7. The DG°H 2O of the EK variant ranged from 1.8 to 2.7 kcal/mol at pH values between 5 to 9, with a stability of 2.5 kcal/mol at pH 7.
The thermodynamic stabilities of the KE and EK variants relative to the background protein (DDG°H 2O ) are relatively constant between pH 5-9. These data are consistent with the pK a value of both groups being either normalized or further shifted in opposite directions (equal but opposite pK a shifts would destabilize the protein by equal but opposite amounts, canceling out the pH-dependence of the protein's thermodynamic stability 12 ).
The double variants were significantly more stable than expected from the introduction of two destabilizing substitutions. The coupling energy (DDG int ) was determined by comparing the relative stabilities of these variants compared to background to an additive model of the single variants, which assumes no interaction between the two residues 23 : At the pH values where the additive model is predicted to be most destabilizing (~pH 9 for KE and ~pH 7 for EK), the KE and EK variants are 3.9 and 3.4 kcal/mol more stable than predicted, respectively. It is important to note that these coupling energies do not reflect a direct interaction between the two residues, as the assumption that the protein structure is not perturbed by introduction of the two ionizable side chains was shown to not be correct (see below).
Crystal structures
Crystal structures of the KE and EK variants were solved to 1.7 and 2.2 Å, respectively, allowing for a structural comparison with the background protein and single variants ( Figure 3A -C). The microenvironment of Thr-62 and Val-66 is completely hydrophobic in the background protein ( Figure 3D ). In the T62K variant, Lys-62 is completely buried and excluded from solvent ( Figure 3E ), while the ionizable moieties of the buried residues in T62E, V66E, and V66K are within hydrogen bonding distance (< 3.5 Å) of buried or interfacial water molecules ( Figure 3F -H).
The crystal structure of KE was solved in complex with Ca 2+ and thymidine 3',5'diphosphate (pdTp) at pH 9 ( Figure 3A , I). The protein backbone is superimposable with that of the background protein ( Figure 3C ). Lys-62 and Glu-66 are buried and within hydrogen bonding distance to each other, though Glu-66 is observed in two conformations.
In the more deeply buried conformation (55% occupancy) the Oe1 and Oe2 atoms of Glu-66 are 2.6 and 3.4 Å away from the Nζ atom of Lys-62, and a single internal water molecule is found 2.7 Å away Oe2. The minor conformation of Glu-66 (45% occupancy) is more solvent exposed with Oe2 overlapping the position of the H-bonded water in the major conformation; Oe1 is within 2.8 Å from the Nζ atom of Lys-62, while Oe2 is 2.7 and 3.1 Å from two interfacial water molecules. Lys-62 makes no other polar contacts besides those to Glu-66.
The crystal structure of EK was solved at pH 7 in the absence of inhibitor and showed evidence of significant deviation from the background protein ( Figure 3B , J). This variant crystallized in a P6(3) space group, which has not been observed in any of the 250+ previously solved structures of SNase. The loop region between residues 113-120 adopts a unique conformation due to different intermolecular contacts in this crystal form. Electron density for residues 15-24 in the b-1 and b-2 strands is very weak or missing and could not be reliably modeled. This structural change effectively exposes Glu-62 and Lys-66 to bulk solvent. The ionizable moieties of Glu-62 and Lys-66 are shifted slightly relative to their positions in the single variants to be in hydrogen bonding distance from each other, with an Oe to Nz distance of 3.2 Å.
NMR spectroscopy
Backbone characterization
The 1 H-15 N HSQC spectra of both KE and EK variants contain well-dispersed, sharp resonances, indicative of folded proteins, though a small but significant degree of random coil resonances were observed in the EK spectra ( Figure 4A Figure 4F ).
Direct detection of buried ion pairs with NMR
Side chain Cb/g-CO correlation spectra ( 13 C-13 C CBCGCO) of the single Glu variants and ion pair variants ( Figure 5A , B, S5) were collected to investigate the charge state and hydrogen bonding patterns of the introduced side chain carboxylate moieties. The chemical shifts of the neutral Glu resonances in the single variants were distinct from those of the surface residues. The chemical shifts of E62 and E66 in the double variants were more similar to those of surface residues than the buried, neutral Glu residues, and very similar to the previously studied ionized E23 in the V23E/L36K variant of SNase 12 the ionization of the Lys side chain 28, 29 . NOEs from deeply buried methyl groups to Lys-66 were also observed in both the V66K and EK variants, consistent with groups being buried in the hydrophobic protein interior as observed in the crystal structures ( Figure S8 ).
Discussion
Classic continuum electrostatic theory describes the energetics of ion pair burial through the self-energies experienced by dehydrating each charge (DG ii ) and the Coulomb interaction experienced by the two charges (DG ij ). These energies are sensitive to the dielectric constant of the surrounding medium; although the measured dielectric constant of dry protein powders is between 2-4 30 , continuum calculations require artificially high dielectric constants to accurately reproduce electrostatic effects in proteins 31 . The origin of the high dielectric constants has been controversial, having been attributed to factors including water penetration 32, 33, 34 , side chain heterogeneity 35, 36 , and backbone reorganization 37, 38, 27 . Previous structural and thermodynamic characterization two ion pairs in SNase 12, 14 , along with the two additional pairs studied here has demonstrated that backbone reorganization is necessary to accommodate these groups in their charged state.
The novel insight this study provides is the structural detail into how proteins reorganize to accommodate buried charges; the range of conformational responses observed in this study illustrates the challenges that structure-based energy calculations must overcome to properly capture the complexities of the local structural responses in response to charge burial.
Dielectric breakdown of the hydrophobic core
The EK and KE variants in this study were observed to undergo reorganization by CD, NMR spectroscopy and X-ray crystallography. The crystal structure and NMR spectroscopy data are completely consistent with partial unfolding of the b-1/b-2 region of the EK variant, which exposes the buried residues to bulk solvent. In the KE variant, the crystal structure showed both residues are internal, with NMR evidence suggesting only The degree of reorganization observed in the EK and KE variants show that the dielectric environment governing the interaction between the charged residues is not governed by the properties of the protein interior, but rather the protein-water interface. In this sense, the responses of the EK and KE variants both represent dielectric breakdown as the protein interior must reorganize to the extent that its properties no longer dictate the interaction of the charged residues 42 . Instead, the localized structural responses in both variants are necessary to effectively hydrate the buried residues, allowing the residues to behave as if they were in water.
The conformational ensemble modulates electrostatic interactions in the protein interior
It is important to note that the ion pairs investigated here and in previous studies all perturb the same structural region of the protein, the b-1/b-2 strands and the intervening hairpin turn, though the magnitude of reorganization varies dramatically between the four variants. Crystal structures and NMR spectroscopy have shown that the b-1/b-2 strands can undergo partial unfolding in response to the ionization of a single Glu residue 38 , although more subtle responses localized to just the hairpin turn between the strands have been observed 27 (Figure 6A These subtle responses are in stark contrast to the backbone response to the ionization of E62/K66, which leads to unfolding of a 10 residue stretch of the b-1/b-2 strands, and K23/E36, which triggers subglobal unfolding ( Figure 6E-F) . The K23/E36 pair must be introduced into a more stable variant of SNase, in order to be folded in solution. Even then, the protein responds with a similar structure response as observed in the variant with E62/K66, where a portion of b-1/b-2 is unfolded but the rest of the protein is unperturbed 14 . In this state, K23 and E36 do not form a direct, "contact" ion pair 41 in the crystal structure, but appear to instead form a solvent-separated ion pair 43 .
Although each variant studied has a different mechanism for tolerating burial of the charged pairs, in every case some degree of backbone reorganization was necessary, either as a dielectric response -making the protein interior a better solvent, or as dielectric breakdown -reorganization to expose the buried residues to solvent. What is remarkable is that these different behaviors are modulated by the same structural element in the protein, which can adopt multiple conformations to stabilize the ion pairs. The inherent conformational heterogeneity of this region of the protein is likely to be important for the success of these ion pair studies in SNase. Not unsurprisingly, the energetics of ion pair burial appear to be more complex than of burial of single ionizable groups. In a survey of 25 internal Lys substitution in SNase, the cost of ionizing the buried side chain was correlated to the cost of ionizing the buried Lys and the extent of structural reorganization (manuscript in preparation). In contrast, the most ordered protein in the ion pair studies, the E23/K36 variant, is as stable as the E62/K66 variant (DG of both proteins = 2.5 kcal/mol at pH 7), despite the latter protein undergoing significant partial backbone unfolding. On the other hand, the K62/E66 variant is the most stable of the four variants studied (DG = 5.2 kcal/mol at pH 7). yet shows evidence of significant side chain and minor backbone reorganization.
Implications
The results of this study demonstrate that conformational heterogeneity can and does modulate charge-charge interactions in the protein interior. Previous statistical and structure-based calculation studies have suggested that buried ion pairs in nature can be stabilized through Coulomb interactions 4445 . At least in SNase, Coulomb interactions alone are insufficient to stabilize the ionization of buried residues; the protein interior must either reorganize to increase its polarity or the buried residues must be exposed to bulk solvent.
Both processes involve some degree of structural reorganization. The results of this study contradict a recent computational study that suggests ionized acidic residues in the protein interior can be stabilized by pairing with hydronium ions 46 . Although methods that explicitly account for reorganization have already been used to study the backbone response of the E23/K36 variant, it represents perhaps the simplest case given the relatively minor magnitude of the response 4748 . The highly local, yet varied nature of the backbone and sidechain conformational responses of the variants in this study will be difficult to capture using current structure-based methods for studying pH-dependent conformational changes in proteins 4950515253 .
In nature, dynamical processes involving ion pairs in interfacial and hydrophobic environments are essential for a wide range of biochemical processes including both H + transport and etransfer and for modulating protein dynamics and pH-sensitivity in proteins. Ion pairs in protein-protein interfaces have been shown to be important for driving allosteric responses 5455 . Enzyme active sites also utilize buried ion pairs to modulate the reactivity of nucleophiles, tune the pK a values of general acids/bases, and stabilize transition states. Although dynamics have been invoked to explain the catalytic power of some enzymes 56575859 , the physical basis for how these motions are related to catalysis remains controversial 60 . Nevertheless, experimental work has suggested that evolution of effective enzymes requires a balance of stability and flexibility to effectively tune function 61 for specific environmental niches 62 . The results of this study suggest that conformational heterogeneity or flexibility can be used as a mechanism for tuning electrostatic energies for their functional roles. Although the timescales of motions in this study are too slow to be relevant to catalysis, the relationship between flexibility 6361 and stability 62 , and the propensity of proteins to sample alternative states in response to charge burial, must be accounted for in the de novo design of novel enzymes.
Conclusions
The role of conformational reorganization in modulating the dielectric properties of proteins is of great interest in understanding biological energy transduction, catalysis, and pH-sensing. The results of this study indicate the challenges facing structure based energy calculations and design algorithms; although it may be possible to design proteins with enough thermostability to tolerate the introduction of functional sites, the arrangement of an active site in a crystal structure or the determination of the lowest energy conformation in structure prediction algorithm will not accurately capture the range of conformations observed in solution. Rather, methodologies that seek to explicitly model the conformational heterogeneity of proteins will likely prove to be more successful in the design of novel proteins with the ability to drive energy transduction, respond to changes in pH, and catalyze novel chemical reactions. This will be difficult, as the highly local nature of the structural responses observed in this study, which range from side chain disorder to backbone unfolding, will be difficult to accurately capture for even the most state of the art structure-based energy calculation methods.
Materials and Methods
Protein production and purification. Introduction of the T62E/V66K and T62K/V66E substitutions into the hyperstable D+PHS variant of SNase was performed as previously described with primers purchased from Integrated DNA Technologies (IDT) 1 . Unlabeled and 15 N or 13 C/ 15 N labeled proteins were purified as previously described, using 15 N ammonium chloride or 13 Table   Sxx . All data was indexed, integrated, scaled and merged using the manufacturer's software. Processing was performed using the CCP4 suite, with initial phasing by molecular replacement done using PHASER, with the background protein's crystal structure used for the starting model (PDB ID: 3BDC). Model building and refinement was performed using COOT and Refmac-5, respectively.
Supporting Information
Tables of thermodynamic parameters from chemical denaturation experiments (S1-3) and crystallographic statistics (S4-5). Circular dichroism spectra of single variants, backbone chemical shift perturbations, deuterium isotope shift and pH dependent behaviors of Glu side chains by CBCGCO, and detection of Lys carbon resonances (S1-8). 13 Ca chemical shift perturbations (CSPs) of (C) KE, pH 7.0 and (D) EK, pH 6.6, relative to the background protein at pH 6.6. The mean CSP was 0.21 for KE and 0.28 for EK, and the standard deviation was 0.48 for KE and 0.60 for EK. Substitution sites are shown as red spheres, but are not included in analysis due to the sensitivity of the Ca chemical shift to the residue identity. (E) 1 H- 15 13 Ca CSP) in variants with E23/K36 and K62/E66 (blue), and in variant with E62/K66 (red). (B) Crystal structure of variant with E23 at pH values where E23 is ionized. 38 (C-F) Crystal structures of the four ion pair variants demonstrating range of conformational responses, from least to most structured variants. The structure of the variant with K23/E36 was solved in a more stable background of SNase.
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